Introduction
In developed countries, fuel consumption in the building sector accounts for 40% of the world's energy end use. Most of this consumption is used for heating, cooling, ventilation and sanitary hot water of which two-thirds is used in households where heating alone accounts for more than 50% [1] . Hot water is required for taking baths and for washing clothes, utensils and other domestic purposes in urban as well as in rural areas. Water is generally heated by burning non-commercial fuels, namely, firewood as in the rural areas and commercial fuels such as kerosene oil, liquid petroleum gas (LPG), coal and electricity (either by geysers or immersion heaters) in urban areas [2] . In this regard, utilization of solar energy through solar water heating (SWH) systems plays a big role in the quantity of conventional energy required [3] . Solar water heaters therefore have significant potential to reduce environmental pollution arising from the use of fossil fuels [4] . Solar water heaters are the most popular means of solar energy utilization because of technological feasibility and economic attraction compared with other kinds of solar energy utilization. Solar water heater technology has been well developed and can be easily implemented at low cost [5] .
Almost all solar water heating systems used in temperate climates are active systems that make use of pumps to circulate the heat transfer fluid. These systems commonly use flat plate or evacuated tube collectors, which absorb both diffuse and direct solar radiation and function even under clouded skies. Water is heated in the collectors and a pump is used to circulate a water glycol mixture used as the heat transfer fluid. A solar controller triggers the pump when the difference between the temperature of water at the bottom of the tank and the heat transfer fluid at the outlet from the collector exceeds a set value. A solar coil at the bottom of the hot water tank is used to heat water. This fluid has some desirable properties such as low freezing and high boiling points. Their ease of operation and low cost makes them suitable for low temperature applications below 80 C. An auxiliary heating system is used to raise the water temperature during periods when there is less heat available from the solar collector.
Temperate climates are those without temperature extremes and precipitation (rain and snow) with changes between summer and winter being generally refreshing without being frustratingly extreme. A temperate weather however, can have a very changeable weather in both summer and winter. One day it may be raining, the next it may be sunny. These climates are located in zones in the range of latitudes between 40 and 60/70 North.
Solar water heating collectors have been studied both experimentally and theoretically by a number of researchers. Azad [6] investigated the thermal behaviour of a gravity assisted heat pipe solar collector experimentally and theoretically using the effectiveness-NTU method. Hussein [7] developed and validated a simulation model for a wickless heat pipe flat plate solar collector with a cross flow heat exchanger. Riffat et al. [8] constructed a thin membrane flat plate heat pipe solar collector and developed an analytical model that was used to simulate heat transfer processes occurring in the collector and calculate its efficiency. Bong et al. [9] presented a validated theoretical model to determine the efficiency, heat removal factor, and outlet water temperature of a single collector and an array of flat plate heat pipe collectors. Ezekwe [10] analysed the thermal behaviour of solar energy systems using heat pipe absorbers and compared them with systems using conventional solar collectors. Boji c et al. [11] modelled and simulated the performance of a forced circulation solar water heating system using a time marching model.
Most of the studies carried out on solar water heating systems have been focused on solar collectors rather than the complete systems with very few studies reported in literature. However, several researchers have carried out studies on hybrid PV-thermal systems as reported in Kalogirou [12] . He modelled and simulated the performance of a hybrid PV-thermal solar system using TRNSYS and typical meteorological year (TMY) conditions for Nicosia, Cyprus.
The objective of this paper is to develop a TRNSYS simulation model for forced circulation solar water heating systems with flat plate and heat pipe evacuated tube collectors and validate the model using measured field performance data. The validated model will be useful for long-term performance simulation under different weather and operating conditions. The model could also be used for system optimisation under different load profiles.
System description
Typical solar water heating systems used in temperate climates consist of a hot water storage tank, control unit, pump station and either flat plate, evacuated tube or concentrating parabolic collectors. The collectors used in this study were installed on a flat roof of the Focas Institute building, Dublin Institute of Technology, Dublin, Ireland. They were south facing and inclined at 53 equal to the local latitude of the location. The hot water cylinders were installed nearby in the building's plant room. The solar circuits consisted of 12 mm diameter copper pipes insulated with 22 mm thick Class O Armaflex. All pipe fittings were also insulated to reduce heat losses. The solar circuit pipe lengths for the heat pipe evacuated tube collector supply and return were 14 m and 15.4 m respectively, while they were 14 m and 15.6 m respectively for the flat plate collector system. Figs. 1 and 2 show pictures of the evacuated tube and flat plate collectors as well as the in-door installations of the experimental rig.
The evacuated tube collector was a Thermomax HP200 consisting of a row of 30 heat pipe evacuated tubes and an insulated losses, so the collectors can operate at higher temperatures than FPC. Like FPC, they collect both direct and diffuse radiation. However, their efficiency is higher at low incidence angles. This effect tends to give ETC an advantage over FPC in day-long performance [13] . Heat pipes are structures of very high thermal conductance. They permit the transport of heat with a temperature drop, which are several orders of magnitude smaller than for any solid conductor of the same size. Heat pipes consist of a sealed container with a small amount of working fluid. The heat is transferred as latent heat energy by evaporating the working fluid in a heating zone and condensing the vapour in a cooling zone, the circulation is completed by return flow of the condensate to the heating zone through the capillary structure which lines the inner wall of the container [14, 15] . The FPC system consisted of two K420-EM2L flat plate collectors each with a gross area of 2. 241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305 diameter were 1680 mm and 580 mm respectively, with an operating pressure of 3 bar. Each cylinder was fitted with two immersion heaters of 2.75/3.0 kW capacity located at the bottom and middle of the tank. The cylinders each had two heating coils with surface areas of 1.4 m 2 and 21 kW rating. The bottom coil was used by the solar heating circuit while the top coil was reserved for use with auxiliary heating systems such as boilers. A programmable logic controller (PLC) turned on the immersion heaters between 5 and 8 am and 6e9 pm daily just before the two peak hot water draw-offs. Analogue thermostats placed at the top of the hot water cylinders were set to turn-off the electricity supply to the immersion heaters when the temperature of water at the top of the tank exceeded 60 C. Fig. 4 shows a schematic diagram of the solar water heating systems.
Hot water was dispensed using solenoid valves that were opened and closed using signals from the PLC. Pulse flow metres (1 pulse per litre) installed at the end of the solenoid valves were used to count the number of litres of water extracted from the hot water cylinders. The solenoid valves were closed when the required volume of water was dispensed. The hot water demand profile employed was the EU reference tapping cycle number 3, featuring 24 draw-offs with the energy output of 11.7 kWh equivalent to a total volume of 200 L at 60 C daily. It is based on the European Union mandate for the elaboration and adoption of measurement standards for household appliances EU M324EN [16] . Fig. 5 shows the recommended volume of hot water to be extracted at different times of the day.
Modelling

TRNSYS model
The solar water heating system model was developed using transient systems simulation (TRNSYS) software, which is a quasisteady state simulation program. TRNSYS enables system components represented as proformas to be selected and interconnected in any desired manner to construct a system's model. In order to facilitate the selection of the system components, it is important to develop an information flow diagram. The information flow diagram for the models is shown in Fig. 6 .
The main component of the model is the solar energy collector which is either a flat plate collector (Type 73) or evacuated tube collector (Type 538). Additional components to the model include: Type 31 pipe duct, Type 60d hot water cylinder with 1 inlet and 1 outlet, Type 2b differential temperature controller, Type 110 variable speed pump, Type 14 forcing functions, Type 65 online plotter and Type 28b simulation summary. Type 14 forcing functions were used several times in the model to input ambient air temperature and mains water supply temperature (Type 14e), wind speed (Type 14g), hot water demand profile (Type 14b), immersion heater control signals and in-plane solar radiation (Type 14h). Tables 1, 2  and 3 show values of parameters for the hot water cylinder, solar collectors and pump respectively used in the TRNSYS model.
Weather data
Weather for three days notably clear sky in summer (02/06/ 2009), intermittent cloud cover in autumn (25/11/2009) and heavily overcast in winter (20/01/2010) were chosen to represent different weather conditions prevalent in Ireland. These data were 
where, a and b are empirical coefficients with values of 0.0623 and À2.1394 for the FPC system and 0.0976 and 2.059 for the ETC system determined using measured data. The correlation coefficients (R 2 ) for the FPC and ETC systems were 0.97 and 0.93 respectively. The solar fluid mass flow rate model in Eq. (1) was incorporated into the TRNSYS model using the equation proforma.
Heat collected
The useful energy collected by the solar energy collector is given as [17] :
Heat delivered
The heat delivered by the solar water heating system to the load was calculated as
Hot water demand
Since the hot water tanks used in this study are pressurised, the hot water demand profile shown in Fig. 5 was modelled using two TRNSYS Type 14e forcing functions each representing the mains water supply profile and temperature respectively. The outputs from the forcing functions were then combined using a TRNSYS equation proforma that had as output the mains water supply profile and temperature.
Model validation
In order to quantify variations between predicted and measured values, percentage mean absolute error (PMAE) and percentage mean error (PME) were used. PMAE evaluates the percentage mean of the sum of absolute deviations arising due to both over-estimation and under-estimation of individual observations. The PME evaluates the percentage mean of the sum of errors of individual observations. A negative value of PME indicates a net underestimation while a positive value indicates a net overestimation of the modelled values. PMAE and PME are given in Eqs. 4 and 5 as: Table 4 PMEA and PME for collector outlet temperature (T co ), heat collected by the collector (Q coll ) and heat delivered to the load (Q load ).
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N is the total number of observations while C i and M i are the i th calculated and measured values, respectively. Table 4 presents percentage mean absolute errors (PMAE) and percentage mean error (PME) for collector outlet temperature (T co ), heat collected by the collector (Q coll ) and heat delivered to the load (Q load ) for both the FPC and ETC systems. The results show that the model performed slightly better in all six cases for the FPC system. It however, predicted Q load for the FPC system with the least PMAE of 6.9% while it predicted T co for the ETC system with the highest PMAE of 18.4%. The negative value of PME for the FPC indicates an underestimation of T co by the model.
Results and discussions
Much of the discrepancies between the simulated and experimental results can be attributed to experimental errors which are a function of the accuracy of the measurement devices used. Also, the existing TRNSYS proformas for evacuated tube collectors might not be fully representative of heat pipes. Detailed plots of the results are presented in Sections 4.1e4.3. Fig. 9 shows plots of measured and modelled collector outlet temperature (T co ) for the FPC system. It is seen that the modelled values follow the same trend as the measured values. The model however overestimated T co during the bright sunny day (02/06/ 2009) while it underestimated same during the other two days. Fig. 10 shows plots of measured and modelled values of T co for the ETC system. Again it is seen that the modelled values follow the same trend as the measured values. The model however, overestimated T co during all three days. The high discrepancy between the modelled and measured Q coll for the ETC system was as a result of the nature of operation of the heat pipe evacuated collector which has two different circuits. The evaporation and condensation cycle of the primary heat transfer fluid in the primary circuit as well as heat removal through the secondary circuit causes the pump to intermittently switch on and off in quick succession. This sometimes results in energy loss from the hot water tank thereby reducing the net energy collected. 631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681  682  683  684  685  686  687  688  689  690  691  692  693  694  695   696  697  698  699  700  701  702  703  704  705  706  707  708  709  710  711  712  713  714  715  716  717  718  719  720  721  722  723  724  725  726  727  728  729  730  731  732  733  734  735  736  737  738  739  740  741  742  743  744  745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760 ATE3411_proof ■ 14 February 2011 ■ 6/7
Collector outlet temperature
Heat collected
Heat delivered to load
Figs. 13 and 14 show plots of measured and modelled heat delivered to the load for the FPC and ETC systems. It is seen that the model predictions for both the FPC and ETC systems closely followed the same trend as the measured heat delivered to the load during the three days with the model slightly overestimating the quantity of heat delivered to the load.
Conclusions
A TRNSYS model was developed for forced circulation solar water heating systems with flat plate and heat pipe evacuated tube collectors. The model was validated using field trial data for systems installed in Dublin, Ireland. Results obtained showed that the model predicted the collector outlet fluid temperature with percentage mean absolute error (PMAE) of 16.9% and 18.4% for the FPC and ETC systems respectively. Heat collected and delivered to the load was also predicted with PMAE of 14.1% and 6.9% for the FPC system and 16.9% and 7.6% for the ETC system respectively. The model underestimated the collector outlet fluid temperature by À9.6% and overestimated the heat collected and heat delivered to load by 7.6% and 6.9% for the FPC system. The model overestimated all three parameters by 13.7%, 12.4% and 7.6% for the ETC system. The validated TRNSYS model can be used to:
Predict long-term performance of the solar water heating systems in different locations Simulate system performances under different weather and operating conditions Optimise solar water heating system sizes to match different load profiles. solar fluid temperature at collector outlet (K) T 6 solar fluid temperature at collector inlet (K) T 8,avg average hot water temperature delivered to load (K) TRNSYS transient systems simulation SWH solar water heating
